Clinical isolates of Enterococcusfaecium that had a range of susceptibilities to penicillin were found to differ significantly in their responses to the antibiotic. In the penicillin-susceptible group (MIC, <4 ,ug/ml), the cessation of growth (bacteriostasis) at 1Ox the MIC of penicillin appeared to correlate with the inhibition of penicillin-binding protein (PBP) 5*, whereas the onset of lysis (bactericidal effect) at higher antibiotic concentrations (10OX the MIC) was concomitant with the inhibition of the lower-affinity PBP 5. In contrast, in the resistant (MIC, -8 ,ug/ml) group (in which most of the strains did not contain PBP 5*), the degree of saturation of PBP 5 seemed to determine the physiological response to the antibiotic: low levels of saturation caused growth inhibition, whereas almost complete saturation correlated with lysis. The penicillin-induced cell lysis of both penicillin-susceptible and -resistant strains was attributed, at least in part, to the extensive loss of acylated lipoteichoic acid into the growth medium.
Clinical isolates of Enterococcusfaecium that had a range of susceptibilities to penicillin were found to differ significantly in their responses to the antibiotic. In the penicillin-susceptible group (MIC, <4 ,ug/ml), the cessation of growth (bacteriostasis) at 1Ox the MIC of penicillin appeared to correlate with the inhibition of penicillin-binding protein (PBP) 5*, whereas the onset of lysis (bactericidal effect) at higher antibiotic concentrations (10OX the MIC) was concomitant with the inhibition of the lower-affinity PBP 5. In contrast, in the resistant (MIC, -8 ,ug/ml) group (in which most of the strains did not contain PBP 5*), the degree of saturation of PBP 5 seemed to determine the physiological response to the antibiotic: low levels of saturation caused growth inhibition, whereas almost complete saturation correlated with lysis. The penicillin-induced cell lysis of both penicillin-susceptible and -resistant strains was attributed, at least in part, to the extensive loss of acylated lipoteichoic acid into the growth medium.
Two of the major attributes of ,-lactam antibiotics as a group are their generally good activities at low concentrations against most organisms and their usually bactericidal modes of action. The membrane-bound penicillin-binding proteins, which are found in virtually all bacteria, are essential during cell growth for the terminal stages in the biosynthesis of peptidoglycan, the structural polymer of cell walls (38) . Inhibition of these enzymes, in particular the transpeptidases responsible for cross-linking, by antibiotics such as penicillin leads to the cessation of growth. This is intrinsically a bacteriostatic event, but in many bacteria the inhibition of peptidoglycan synthesis somehow leads to a deregulation of the autolytic, degradative enzymes involved in cell division and cell wall expansion, resulting in the irreversible effects of penicillin, the bactericidal activity (38) . This "triggering" of autolysis has been correlated with the release of an endogenous membrane-associated inhibitor, acylated lipoteichoic acid (LTA) (40) .
Among the clinically important gram-positive cocci, group D enterococci appear to be the least susceptible to penicillin, and Enterococcus faecium isolates are generally more resistant than Enterococcus faecalis (28) and also often have a bimodal distribution of susceptibility (2, 9) . Unfortunately, these species are becoming resistant to a wide variety of other classes of antibiotics, including aminoglycosides, macrolides, tetracyclines, and glycopeptides (24, 43) , and some strains of E. faecalis have also acquired a penicillinase (30) .
During preliminary investigations of the susceptibilities of the nine enterococcal species to penicillin and determination of the associated bactericidal activities (S. Al-Obeid and R. Williamson, XIV Int. Congr. Microbiol., abstr. no. G5-28, 1986) , we found that the responses of E. faecium isolates to penicillin differed depending on the antibiotic concentration relative to the MIC for the particular strain. In this further study, we investigated both the significance and biochemical basis for differences of response.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Forty-four clinical isolates of E. faecium, identified by the criteria of Facklam (10) and by their species-specific profile of penicillin-binding proteins (PBPs) (44) 
RESULTS
Lytic effects of penicillin. In preliminary experiments with E. faecium 9556 (MIC, 1 ,ug/ml) and D330 (MIC, 64 ,ug/ml), the antibiotic was added to exponential-phase cultures at 10-fold the appropriate MIC (Fig. 1) . After an initial turbidity increase of about 50% for both strains, the resistant strain D330 underwent significant lysis during the 24-h incubation period, whereas the susceptible strain 9556 lysed to a much lesser extent over the same period. To determine that this differential lysis rate was not a strain-specific difference, lysis of 42 other strains, with a range of susceptibilities to penicillin, induced by lOx the MIC of penicillin was examined, and it was found that the extent of lysis after overnight incubation correlated with the penicillin-susceptible or -resistant phenotype ( Table 1 ). The strains resistant to at least 4 ,ug of penicillin per ml lolt virtually twice as much turbidity (mean, 92 versus 48%; P 10-) after 24 h as did those that were susceptible to lower antibiotic concentrations. Moreover, the average maxim al rate of lysis of the resistant strains was sixfold (P 10-') longer than that of the susceptible strains. It was also found that the two groups of strains differed with respect to the bactericidal effect of penicillin at lOx the MIC. An average of 29% (standard deviation, 18%) of susceptible organisms in a culture survived treatment (i.e., remained viable) with the antibiotic for 24 h, whereas only 0.16% (SD, +0.11%) of resistant organisms sublequently grew, which was almost a 200-fold difference (P 10-6).
Lytic effects of vancomycin. The MICs of vancomycin (also an inhibitor of peptidoglycan biosynthesis) were between 1 and 4 ,ug/ml for the 44 strains, and there was no correlation with the level of susceptibility to penicillin. The addition of vancomycin (lOx the MIC) induced equivalent extents or rates of lysis in either the penicillin-susceptible or -resistant strains ( Table 1) .
Effect of detergent. Addition of Triton X-100 (0.1%) 60 min after the addition of penicillin (lOx the MIC) was found to enhance the extent of lysis of only the penicillin-susceptible strains, but to increase the rates of lysis in both groups (Table 1 vancomycin-induced lysis were similar in both groups (about a threefold increase).
Effect of concentrations of penicillin higher than lOx the MIC. An increase in the amount of antibiotic above lOx the MIC added to susceptible strain D61 increased the rate of lysis ( Fig. 2A) to a maximum at 100x the MIC. After incubation with penicillin for 24 h, the viable count was reduced to 32% of organisms at lOx the MIC, 0.1% at 30x the MIC, but only 0.004% at 10Ox the MIC. Experiments with other susceptible strains (Table 2) showed that, on average, the rate of lysis induced by penicillin at 100x the MIC was almost fivefold faster than that at lOx MIC and that this former rate approached the rapid rate of lysis of resistant strains induced by the antibiotic at lOx the MIC. The antibiotic at lOOx the MIC also decreased the survival of susceptible organisms by about 10,000-fold compared with those treated with lOx the MIC (data not shown). In contrast, concentrations greater than lOx the MIC of penicillin, which induced the maximum rate of lysis (Fig. 2B) , significantly decreased the lytic effect against resistant strains ( Table 2) .
Interaction of penicillin with PBPs. All 44 strains were found to contain the six or seven major PBPs typical of E. faecium (44) . Of the 20 resistant strains, 17 did not contain the relatively low-affinity PBP 5* typical of penicillin-susceptible strains (45) , which was present in the other 24 strains examined. Samples of cultures incubated with penicillin at various multiples of the MIC were examined at time points corresponding to the maximal turbidity, before cessation of growth or onset of lysis, for the extent of interaction of the antibiotic with the "essential" (45) PBPs 5* and 5 (Table 3) . PBPs 1 to 4 and 6 in all samples were fully acylated by the nonradioactive penicillin during growth and, therefore, were not detected by the subsequent addition of radioactive antibiotic. From Table 3 , it can be seen that PBP 5 in the susceptible strains became 50% saturated only at 30x the MIC, although the higher-affinity PBP 5* was totally saturated at lOx the MIC. Examination of Fig. 2A shows that significant lysis of the susceptible strain D61 only started at 30x the MIC. In contrast, PBP 5 in resistant strains was about 50% saturated with penicillin at 3 x the MIC, a concentration that caused rapid lysis of the resistant strain D330 (Fig. 2B) .
Isolation of LTA. Fractionation of the material extracted with hot phenol on Sepharose A4 (18) resolved three phosphate-containing components (data not shown). The component that eluted with the void volume was translucent and reacted very strongly with the group D antiserum, which is specific for a-1,2-linked glucose units of glycerol teichoic acid (17) . Peak 2 reacted only weakly, and peak 3 did not react at all. Peak 1 therefore probably contained acylated LTA, the micellar form that caused the turbidity (which was lost by adding detergent), and peak 2 contained the deacylated LTA (which was present at about 40% more than the acylated LTA, based on phosphate determination). Using different dilutions of the antibody in the agarose used for rocket immunoelectrophoresis, we verified that the length of the immune precipitation of a fixed amount of antigen (acylated LTA) was inversely proportional to the amount of antibody added. The optimal dilution of antibody was 1-80, which reproducibly produced a "rocket" peak of 25 mm/ nmol of LTA. The molarity of LTA was estimated by assuming that there was 27.5 mol of phosphate per mol of LTA (5). Deacylated LTA was not detected by using the same conditions of electrophoresis that were used to detect acylated LTA. Release of LTA. At various time points during the experiment for which the results are shown in Fig. 2 , samples of the culture supematants were subjected to rocket immunoelectrophoresis to quantitate any acylated LTA that may have been released by incubation of the cells with penicillin. As indicated in Table 4 , no LTA was detected in control cultures. However, either an increase in the antibiotic concentrations with the susceptible strain D61 or a longer incubation time with the resistant strain D330 caused more extracellular LTA to be found. Interestingly, comparison of Fig. 2 and Table 4 suggests that 45 to 55 nmol of LTA per OD650 unit was released from cells 30 min after the onset of rapid lysis. More extensive release of LTA was observed when Triton X-100 was added with penicillin to the susceptible cells (Table 4) , and LTA was also detected in the control culture, indicating that the detergent must have caused some release of the acylated LTA.
Cell autolysis and lysis inhibitory activity of LTA. Suspension of washed, exponential-phase strain D61 in 50 mM sodium phosphate buffer (optimum pH 5.7) at 37°C led to a fairly rapid loss of turbidity (Fig. 3) , with a rate of -2.1 x 10-3 log1o OD650 per min (which would cause a 50% decrease in 142 min). However, this rate was decreased by 4.6-fold when 20 ,uM acylated LTA was added to the resuspension buffer. A fourfold decrease was also observed when an equivalent amount of concentrated, dialyzed culture supernatant from the strain D61 incubated with penicillin at 1 x the MIC for 4 ingly less effective as inhibitors (data not shown). The antibiotic alone had no effect on the rate of autolysis of the nongrowing cells in buffer.
Acylated LTA was also found to be inhibitory in reducing the rates of penicillin-induced lysis (Fig. 4) . Addition of the antibiotic at 10Ox the MIC to exponential-phase strain D61 gave a maximal lysis rate of -1.58 x 103 log1o OD650 per min (50% turbidity decrease in 190 min), whereas this was reduced 1.8-fold by adding 20 p,M LTA 15 min after the antibiotic was added. However, when Triton X-100 (0.1%) was added immediately after the LTA, the penicillin-induced lysis rate was some 20% faster than that caused by the antibiotic alone, thus reversing the inhibitory effect of LTA.
LTA (20 p.M) had no effect on the MIC of penicillin against strain D61, but the organism grew in the exponential phase as short chains of 10 to 16 cells when LTA was added to the medium, in contrast with the normal 2 to 4 cells (data not shown). bactericidal activities of ,-lactam antibiotics (21, 29) . However, many investigators have used maximum concentrations of penicillin that were not much higher than the MIC for the particular strain under study; e.g., 4x the MIC was not bactericidal (23) .
Results of the present study showed a concentrationdependent bacteriolytic and bactericidal effect of penicillin, especially with the antibiotic-susceptible strains, for which the fastest rates of lysis were obtained with lOOx the MIC. These rates were comparable to those induced by lOx the MIC of penicillin with the resistant strains. Since the addition of detergent or vancomycin had similar effects on either penicillin-susceptible or -resistant strains, it is likely that differences in the process of triggering autolytic activity (at the different multiples of the penicillin MIC) were the basis for these variations of response rather than differences in susceptibilities of the cell walls to degradation by the autolytic enzyme(s) or in the quantities of such enzymes in the bacteria.
Thus, the reported tolerance of E. faecium to penicillin was very dependent on the amount of penicillin used in the experiment. The susceptible strains showed slow lysis and poor killing until high doses of antibiotic were used, and these doses were in terms of both multiples of the MIC and actual concentration, whereas the resistant strains lysed and were killed rapidly at high concentrations of penicillin, but these were relatively low doses in terms of multiples of the MIC. Both penicillin-susceptible and -resistant strains appeared to be tolerant when penicillin was added at lx the MIC, but the outcome with higher doses of antibiotic subsequently differed between the two groups.
Results of the experiments in which we measured the interaction of penicillin with the PBPs in growing organisms again indicated that only the two lowest-affinity proteins, PBPs 5* and 5, are lethal targets (45) . In both the penicillinsusceptible and -resistant groups, growth inhibition was caused under conditions in which PBPs 1 to 4 and 6 were fully acylated and, therefore, presumably enzymatically inactive. However, growth of the susceptible strains with the antibiotic at less than lOx the MIC did not completely saturate PBP 5* (previously shown to be 50% saturated [S50] at about 2 ,ug/ml in nongrowing organisms [45] ), whereas saturation of PBP 5* at lOx the MIC correlated with cessation of growth, although the majority of PBP 5 was not acylated. An increase in the amounts of penicillin for the susceptible strains dramatically increased both the lytic and cidal effects of the antibiotic. Under these conditions (at lOOx the MIC) most of the low-affinity PBP 5 (S50 ca. 40 ,g/ml [45] ) would be acylated. Thus, in these strains, it is possible that the inhibition of the intermediate-affinity PBP 5* would lead to the inhibition of cell growth (bacteriostatic effect) but the inhibition of the low-affinity PBP 5 may be required for the rapid lysis and bactericidal effects of penicillin. In contrast, PBP 5 in the resistant strains that were studied was mostly saturated at lOx the MIC.
In most of the resistant strains, the normal PBP 5* is not present, so that both growth inhibition and lysis may depend on the inhibition of the low-affinity PBP 5. This suggests that PBP 5 (which is generally present in high quantities) in the resistant strains can presumably take over the biological functions of PBP 5* in such strains under normal growth conditions, but that when both PBPs are present in the susceptible strains, PBP 5 (which is present in low quantities) cannot allow continued growth of the organism in concentrations of penicillin that inhibit PBP 5*.
Previous results published for E. faecium ATCC 9790 also indicated a role for PBP 5 in the bactericidal effects of penicillin, which was extremely rapid even at lx the MIC (25) . Those investigators postulated that none of the PBPs alone were essential, although it was stated that saturation of PBPs 1, 2, and 3 caused growth inhibition. However, all such studies with E. faecium ATCC 9790 (12, 18, 25, 32, 35, 36) , sometimes referred to as E. faecalis (6) (7) (8) 17) , are not directly applicable to E. faecium, since strain ATCC 9790 is now clearly identified to the species level as Enterococcus hirae, based on physiological characteristics and PBP profile (11, 44) , and is referred to here as such.
The biochemical basis for the bactericidal effect of P-lactam antibiotics was first proposed by Tomasz and Waks (40) , after observations that the addition of penicillin to an autolytic-deficient strain of Streptococcus pneumoniae caused growth inhibition and concomitant loss of LTA. This release rendered the organisms susceptible to exogenous autolytic enzyme from a wild-type strain, resulting in a change from the bacteriostatic response of the tolerant (39) mutant to the lytic (bactericidal) response of normal cells. LTA was then shown to be an endogenous inhibitor of autolytic enzymes (5, 13, 14) , and the extent of LTA release (up to 100%o) was found to depend on the concentration of penicillin (42) . Autolytic mutants that are tolerant to penicillin have also been isolated from E. hirae (35) ; those mutants lysed slower than did wild-type strains in buffer, grew as long chains, and contained increased amounts of acylated LTA (36) . Similar mutants contained less trypsin-activatable muramidase 1 (32) . Since all of the strains of E. faecium used in the present study lysed fairly rapidly in buffer (data not shown), it seems unlikely that they are autolysis deficient per se. Thus, the basis for the tolerance must be related to some aspect of the triggering of autolytic activity.
Acylated LTA has been shown to be an inhibitor of autolysis or penicillin-induced lysis in E. hirae (6) and Staphylococcus aureus (33, 37) and also inhibits normal wall peptidoglycan turnover in Bacillus subtilis (27) . The addition of Triton X-100 or other detergent in experiments with these organisms generally completely abolished the inhibitory effect of the LTA (27, 33) or induced lysis (7, 22) . The detergent-sensitizing effect appears to be at the level of deregulation of autolysin activity, probably because of release of the acylated LTA (31) . The experiments for which the results are reported here extend these observations to the species of E. faecium.
Penicillin-induced secretion of acylated LTA has been shown in a wide variety of gram-positive organisms, such as Streptococcus sanguis (15) , Streptococcus mutans (1) , and Streptococcus pyogenes (20) , whereas Staphylococcus aureus has been reported to release only deacylated LTA (34) , and E. hirae secretes deacylated LTA during normal growth (18) . In all of these cases, the bulk (65 to 8%o) of LTA was released during treatment with antibiotic. We did not investigate the extent of release of LTA from E. faecium, but the results of the experiment showing substantial inhibition of lysis caused by material released from E. faecium incubated with penicillin at lOOx the MIC suggest that there is a significant loss of LTA into the medium. Nevertheless, the experiments showed that the extent of release was both time and dose dependent, with more material being lost at a given dose from the penicillin-resistant strains than from the penicillin-susceptible strains, which correlates with the faster lytic rates observed with the former strains. Studies with Staphylococcus aureus (41) showed that the extent of release of deacylated LTA correlated with rates of lysis and that of several cephalosporins tested, cefmetazole produced VOL. 34, 1990 on July 11, 2017 by guest http://aac.asm.org/ Downloaded from the greatest release, thus inducing the best bacteriolytic effect.
The treatment of infections caused by E. faecium is currently based on the synergistic activity of penicillin and aminoglycosides (2), but higher doses of penicillin could be useful. However, recently discovered antibiotics such as daptomycin may provide better therapy, although results of studies on the bactericidal activity of this compound differ (3, 16, 26) .
